The imaging and spectral performance of CdTe double-sided strip detectors (CdTe-DSDs) was evaluated for the ASTRO-H mission. The charcterized CdTe-DSDs have a strip pitch of 0.25 mm, an imaging area of 3.2 cm×3.2 cm and a thickness of 0.75 mm. The detector was successfully operated at a temperature of −20
INTRODUCTION
ASTRO-H, an international X-ray satellite led by Japan scheduled for launch in 2014, aims at observing the energetic universe through energy bands ranging from soft X-rays to soft gamma rays.
1 Combined with the Hard X-ray Telescope (HXT), the Hard X-ray Imager (HXI), located at the focal plane of the telescope, will realize imaging spectroscopy in the hard X-ray band from 5 keV up to 80 keV. 2 Due to focusing, the sensitivity of the HXI for an isolated point source will be two orders of magnitude better compared with previous hard X-ray missions such as INTEGRAL 3 or Suzaku. Figure 2 shows the detection efficiencies of the four layers of Si (thickness: 0.5 mm for each layer) and the CdTe layer (thickness: 0.75 mm). Most low-energy photons below ∼ 30 keV are detected by the DSSDs, which will be able to achieve higher sensitivity than the CdTe-DSD because of its negligible radioactivation background caused by in orbit protons. On the other hand, the higher-energy photons up to 80 keV are detected by the CdTe-DSD with a high detection efficiency of 70-100% due to the large atomic numbers of 48 for Cd and 52 for Te.
2.2: Performance requirements and design concepts of HXI [5]
Parameter Performance Design Concept Spatial resolution <400 µm As the focal plane sensor of the HXT, the semiconductor imagers in the HXI have to achieve high spatial and energy resolutions. The spatial resolution is required to be smaller than 400 µm in order to collect at least 10 data points from a image width equal to the half power diameter of the point-spread function of the telescope. The energy resolution is required to be smaller than ∼2 keV (FWHM) at a photon energy of 60 keV to identify the activation background lines. We have to evaluate these performances of the CdTe-DSD, whose designs are identical to those of the flight models, with almost same readout system as the flight models.
In addition to the measurement precision, it is important to understand the detector responses for assurance of the accuracy of the measurement, particularly for accurate interpretation of observational data. The response of the CdTe-DSD to an X-ray photon has moderate spatial dependence because of the strip electrode configuration and ineffective charge transport properties of CdTe semiconductor. In order to measure the spatial dependence, we performed scanning experiments of the CdTe-DSD using a photon beam at SPring-8, a synchrotron radiation facility. In this paper, we present the imaging and spectral performances of the HXI CdTe-DSDs and development of the detector response function of CdTe-DSDs based on the scanning experiment.
IMAGING AND SPECTRAL PERFORMANCE OF THE HXI CDTE-DSD
The CdTe-DSDs have been developed to achieve high detection efficiency, excellent energy and spatial resolutions.
5-7 Table 1 shows the specifications of our CdTe-DSD. To assure the required spatial resolution and field of view, we developed CdTe devices with a large imaging area of 32 × 32 mm 2 and a fine strip pitch of 250 µm, which corresponds to 0.07 arcminutes at the focal length of 12 m. Aluminum (Al) anodes and platinum (Pt) cathodes are formed on these CdTe-DSDs. Aluminum, which has a small work function, makes a Schottky barrier on the interface with a p-type CdTe crystal. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Reduction of the leakage current through use of the Schottky barrier enables high energy resolution. Figure 3 shows a schematic view of the electrode configuration and a photograph of an engineering model of the CdTe-DSD. For low noise readout of the detector, we have developed a 32-channel analog LSI for the DSSD and CdTe-DSD. It is composed of trigger generation, pulse height sampling and analog-digital conversion parts. By converting to digital signals inside the ASICs, the CdTe-DSD is operated via only digital lines, and a compact and low power signal processing circuit is realized. Kokubun et al. 2 gives detail descriptions of the HXI CdTe-DSDs. The spectral performance of the CdTe-DSD was measured. Figure 4 shows energy spectra of a 241 Am radiation source obtained from all active strips on each sides of the CdTe-DSD. A photon interaction can be simultaneously detected in two adjacent strips; we call these events "two-strip events". In this case, a line energy is divided into two continuum energies, or a fluorescence line and a corresponding escape line. A large peak at 0 keV is seen due to signals from non-triggered strips. To satisfy the requirement of the detection efficiency, it is essential to use two-strip events, which occur in about 20-30% of all events including "one-strip events" (those events detected at only one strip). By removing data lower than a threshold of 5 keV and summing the signals of the two-strip events, we obtain the reconstructed spectra shown in Figure 5 . In order to achieve the best energy resolution in the higher energy band, we adopted the energies measured at the anode side since the spectrum peak from the anode has a smaller low-energy tail structure than that of the cathode side. As a result, the target energy resolution (FWHM) of 2.0 keV at 59.5 keV has been achieved. • C, and a bias voltage of 250 V was applied. In the best strips of each side, energy resolutions of 1.6 keV (anode) and 1.9 keV (cathode) are achieved for the 59.5 keV line. Figure 5 . A reconstructed spectrum of a 241 Am source obtained by the CdTe-DSD for HXI. Both one-strip and two-strip events were used to make these histrograms. Figure 6 shows shadow images of a tungsten plate with 100 µm slits imaged using an X-ray energy range from 40 keV to 65 keV. Line X-rays of 59.5 keV from 241 Am are sufficiently stopped by the plate with a thickness of 0.55 mm. In the left panel of Figure 6 , only one-strip events and their interaction positions are used. The image does not clearly show the 100 µm slits because the strip pitch of the detector is 250 µm. In the right panel, on the other hand, both the one-strip events and two-strip events were used for image reconstruction. In the reconstruction of the two-strip events, we assumed pixels between strips. If an event was shared by two adjacent strips and neither of signals is a fluorescent energy of Cd or Te, the interaction is assumed to be within a pixel between the strips. For other cases, the interaction is located to a pixel on the strip. The width of the pixels is defined to be proportional to the number of events to be filled into the pixel based on the assumption of a uniformity of the sensitivity. The experimental data of CdTe-DSD illuminated uniformly on the whole imaging area with 59.5 keV X-rays was used to define the widths. Since the ratio of the events filled into the pixels on the Figure 6 . A shadow image of a tungsten plate with 100 µm wide slits obtained with the CdTe-DSD irradiated by a radioisotope 241 Am. The left image is extracted by using only one-strip events, and the right image by using both one-strip events and two-strip events.
strips is 74.8% on the cathode side and 82.4% on the anode side in the data, the width of the pixel was defined as 187 µm on the cathode strip and 206 µm on the anode strip. These values do not contradict the results of the scanning experiments. As a result of these event reconstructions, in contrast to the left panel, the 100 µm slits are apparent in the right panel image. Using two-strip events enables sub-strip spatial resolution.
MODELING OF DETECTOR RESPONSE
For the accurate interpretation of the X-ray data, accurate knowledge on detector response is of great importance. In order to model the detector response, we have developed a full Monte Carlo simulator.
18 It treats particle tracking, signal generation in the detector devices, and signal processing including data acquisition system. For particle tracking, we use Monte Carlo simulation based on the Geant4 toolkit 19 to obtain energy deposits and interaction positions in CdTe material. By multiplying the energy deposited by charge collection efficiency (CCE) at the interaction position, the signal induced on the electrode can be calculated.
Due to ineffective charge transport properties of CdTe detectors, holes and electrons (carriers) generated by incident photons are not fully collected. Charge induced on electrodes can be calculated by the Shockley-Ramo theorem. [20] [21] [22] In this theorem, a mathematical concept of weighting potential φ w plays an important role in the calculation. When charge q(x) moves from an interaction position x i to a position x f , induced charge Q at an electrode can be calculated by
where E w (x) ≡ −∇φ w (x) is a weighting field. Due to the finite lifetime τ of the carrier, charge q decreases exponentially as q(t) = q 0 exp(−t/τ ). The time t can be related to the position x by the equation dx/dt = v = µE(x), where E(x) is an electric field (not weighting field), v is the drift velocity and µ is the mobility of carriers. Therefore, the CCE, defined as Q/q 0 , is a function of the interaction position x i .
The weighting potential is calculated by solving Poisson's equation ∆φ w (x) = 0 with the boundary condition of φ w = 1 at the readout electrode and φ w = 0 at all the other electrodes. The weighting potential in the strip detector as shown in the left panel of Figure 7 is calculated by
where α m = mπ/a, a is the detector size, U is the width of the electrodes, G is the width of the inter-electrode gaps, and L is the thickness of the detector (see the left panel of Figure 7 ). For simplicity, we assumed that the boundary condition at the gap between two electrodes is linearly interpolated from the values at these electrodes. The right panel of Figure 7 shows the weighting potential in the HXI CdTe-DSD, where the detector size a = 34 mm, the thickness L = 0.75 mm, the width of the electrode U = 0.20 mm and the width of the gap G = 0.05 mm.
Since the weighting potential is distorted due to the strip electrode configuration, the motion of holes mainly contributes to a signal induced on the cathode, and the motion of electrons to the anode, namely, the small pixel effect. Since the value of µτ of holes is one order of magnitude smaller than that of electrons in CdTe, depth dependence of detector response is enhanced by this effect. Moreover, crosstalk caused by the weighting potential increases the complexity of detector response. As seen in the right panel of Figure 7 , the weighting potential in regions of the strip next to the readout strip has a considerably higher value. This means that if the carriers are trapped before reaching the electrodes, a significant signal should be induced in a strip next to the strip closest to the interaction. In addition to the crosstalk, thermal diffusion and Coulomb repulsion of carriers affect the position dependence of the detector response. In the simulation, the effect of the diffusion and Coulomb repulsion are implemented by spreading carriers for every small time interval ∆t. The structure of the electric field, which has not been understood or measured sufficiently, also affects the drift velocity and the path of carriers in the CdTe detector.
BEAM SCANNING MEASUREMENT
As discussed in the previous section, it is important to understand spatial dependence of the detector response. For this purpose, a scanning experiment of the HXI CdTe-DSD was performed at the beamline BL20B2 of the synchrotron radiation facility SPring-8 in Hyogo, Japan. BL20B2 is a 215 m long beamline developed for medical imaging research. 23 A monochromatic X-ray beam was used, extracted from synchrotron X-rays by a doublecrystal monochromator at a distance of 36.8 m from the bending magnet source. In our experiment, the Si (111) diffraction was chosen to obtain 30 keV photons. Its energy uncertainty was ∆E/E ∼ 10 −4 , which is sufficiently smaller than the energy resolution of the detectors (∆E/E ∼ 10 −2 -10 −1 ). Figure 8 shows the experimental setup. The monochromatic X-ray bream was attenuated before the CdTe detector by a 0.5 mm thick Al plate and a 0.5 mm thick Cu plate at Hutch 1 (44 m from the source), and then collimated by a tantalum slit at Hutch 2 (203 m from the source). At 60 m away from the slit, the CdTe-DSD was located on a movable stage. Both sides of the CdTe-DSD were scanned along the two axes with 10 µm steps over 300 µm. During the experiment, the detector was being operated at a temperature of approximately −14
• C. A spectrum obtained by the scanning experiment is shown in the left panel of Figure 9 . Since the monochromatic X-rays are separated by Bragg reflections, higher harmonics lines are also seen in the spectrum. The energy resolution (FWHM) on the anode side, which is mainly determined by the readout noise, was 1.4 keV at 30 keV, and 1.9 keV at 90 keV. These correspond to the FWHM in ADC values of 6.7 at 30 keV, and 7.2 at 90 keV. The values of the energy resolution were consistent with those obtained in the performance tests in our laboratory, assuring quality of the data for investigating the detector response. The right panel of Figure 9 shows count rates in an energy range from 20 keV to 40 keV. The count rate of the two-strip events increases at the electrode gap (∼ 220 µm). Due to the weighting potential crosstalk (as seen in Section 3) and the fluorescence lines escaping to the next strip, the two-strip events exist at the center of electrode (∼ 100 µm), and smoothly increase toward the gap.
The depth dependence of the electric field affects the cathode side spectrum irradiated on the center of the electrode from the anode side as shown in Figure 10 . Each line corresponds to different space charge densities in CdTe of ∼ 0 cm −3 (dashed lines), ∼ 5.5 × 10 10 cm −3 (solid lines) and ∼ 1 × 10 11 cm −3 (dotted lines). Each model spectrum shows two peaks. The lower peak is generated by the events interacting near the anode and the higher peak by the events interacting near the cathode. If the electric field were stronger near the cathode than near the anode (dotted lines), the charge collection efficiency around the middle of CdTe would tend to be higher. Therefore the higher peak has more events than the lower peak when the positive space charge exists in CdTe.
Spectra of the CdTe-DSD were simulated and compared with the experimental spectra by using the model including the depth distribution of the electric field shown in the above discussion. In order to determine the parameters in the CdTe detector, the value of χ 2 between the experimental spectra and the simulated spectra was calculated and minimized. In the minimization, we used the SIMPLEX method in the MINUIT library.
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The best fit parameters are shown in Table 3 . The electric field shown by a solid line in Figure 10 is the best fit model. Therefore the electric field in the CdTe-DSD must increase from the anode. The same property of the electric field in p-type CdTe detectors is reported by Zumbiehl et al. by measurement based on Pockels effect. Figure 11 shows the simulated and experimental spectra of the one-strip events irradiated on the center. The experimental spectra was successfully reproduced with the detector model, though tail structures below 85 keV in the spectra of cathode side have small disagreements, probably due to the weak electric field near the gap between the electrodes. 
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SUMMARY
The spectral and imaging performance of the CdTe double-sided strip detectors (CdTe-DSDs) was evaluated for the HXI. The detector was successfully operated at a temperature of −20
• C and a bias voltage of 250 V. After event reconstructions, a energy resolution of 2.0 keV (FWHM) at 59.5 keV and a spatial resolution ≤ 250 µm pitch was achieved. This performance is sufficient for the HXI. In order to investigate the spatial dependence in detector response, scanning experiments at SPring-8, a synchrotron radiation facility, were performed. By comparing the simulated spectra and the experimental spectra obtained by the scanning experiment, a model including the depth dependences of electric field was constructed, allowing determination of the key characteristics of the CdTe-DSD such as charge transport properties and the electric field structure. Under the assumption of a positive space charge with a uniform density of ∼ 5.5 × 10 10 cm −3 , the experimental spectra were successfully reproduced using the detector model.
